The link between trends in circulation patterns and trends in the flood magnitude is studied for 122 mesoscale catchments in Germany for a period of 52 years . Flood trends, significant at the 10% level, are detected for a large number of catchments. The catchments are pooled into three regions, based on flood seasonality and flood trends. Field-significant increasing trends are found for winter in Regions West and East. For summer, increasing and decreasing flood trends are detected for Regions South and East, respectively. The temporal behaviour of three flood indicators of each region is compared to atmospheric indicators derived from circulation patterns. Significantly increasing frequency and persistence of flood-prone circulation patterns intensify the flood hazard during the winter season throughout Germany. Moreover, a trend towards a reduced diversity of circulation patterns is found causing fewer patterns with longer persistence to dominate the weather over Europe. This indicates changes in the dynamics of atmospheric circulations which directly influence the flood hazard. Longer persistence of circulation patterns which in general do not favour large precipitation amounts may lead to large runoff coefficients due to soil-moistening and hence cause floods.
Introduction
Changes in the atmospheric dynamics and their links to hydrological processes are an important aspect in the discussion about climate change. During the last decades, many devastating floods occurred in Europe giving rise to the discussion whether or not flood-triggering atmospheric patterns may have significantly changed. Many studies evaluated trends in climatic variables such as the North-Atlantic Oscillation
Correspondence to: T. Petrow (thpetrow@gfz-potsdam.de) (NAO), changes in ENSO phenomenon (El Nino/Southern Oscillation) or in circulation patterns (CP) and linked these with precipitation or temperature. CPs are either derived by 500 hPa geopotential height fields from reanalyses data or from classification schemes, for instance by Hess and Brezowsky (1952) . Bárdossy and Caspary (1990) used the CP catalogue of Hess and Brezowsky for the period and found significant changes in the frequency of daily, seasonal and annual data of several CPs leading to milder and wetter winters in Europe. Steinbrich et al. (2005) showed for South-Western Germany (Baden Wuerttemberg) that the link between CPs and large precipitation events varies strongly depending on the seasonal and regional conditions. They found most of the analyzed heavy precipitation events to be triggered by only few CPs. Werner et al. (2008) detected CP and precipitation trends in the Elbe catchment in the period . During the winter season, the number of days with precipitation tripled. Also, increases in frequency and duration of west and north-west circulation patterns were observed (Werner et al., 2008) . Pauling and Paeth (2007) identified an increase in extreme winter precipitation during the last 300 years over Europe. Casty et al. (2005) found a close correlation between the NAO index and temperature and precipitation indices in the European Alps during the last 500 years. A clear relation between precipitation and NAO was detected by Feidas et al. (2007) for Greece for the period 1955-2001. They observed downward trends in winter and annual precipitation which were correlated with rising trends in the hemispheric circulation modes of the NAO. Santos et al. (2007) emphasized the strong link between NAO and heavy precipitation events over Europe.
Only few studies investigated the link between atmospheric and flood indicators. Kingston et al. (2006) reviewed on studies about the connection between climate, streamflow and atmospheric circulations (esp. NAO and Arctic Oscillation, AO). Svensson et al. (2006) reported correlations between trends in the NAO index and floods for Europe.
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Summer maximum discharge series (ASMAXF) were derived for the period of 1 April 76 -31 October. 77 McKerchar and Henderson (2003) found changes in several hydrological variables in New Zealand which were consistent with changes in the Interdecadal Pacific Oscillation. Jacobeit et al. (2006) determined large-scale CP for historical flood events with the help of Reanalysis data. They identified CPs that are relevant for the flood hazard in Europe. The most important CPs for triggering prominent discharge peaks are (1) for summer the Vb-pattern, westerly flows with southerly components as well as troughs and (2) for winter westerly winds with changing north/south components. A study of meso-scale snow-free catchments in France and Spain by Bárdossy and Filiz (2005) identified floodproducing circulation patterns with the help of large-scale sea-level pressure fields. Bouwer et al. (2006) identified a closer relationship between mean winter discharge and WZ circulation patterns (after Hess and Brezowsky, 1952) than between discharge and NAO. Bouwer et al. (2008) calculated correlations of four atmospheric variables (NAO, AO, westerly-cyclonic circulation pattern, sea-level pressure differences) and winter precipitation to annual mean and maximum winter discharges at 11 gauges in Central Europe. They found that annual maximum discharges are more sensitive to changes in atmospheric circulations than mean discharges. So far, the relationship between peak discharges and atmospheric variables has been investigated for Germany only for selected regions. Belz et al. (2007) analyzed flood discharges, CPs according to Hess and Brezowsky, and areal precipitation for the Rhine catchment. CPs were classified into wet and dry patterns. The pattern WZ was studied in more detail, since it is the most frequent pattern and comprises the days with the largest precipitation amounts. Belz et al. (2007) found increasing trends in wet CPs (which also contain WZ), areal precipitation and discharge for the period 1951-2000. An even higher significance level of increasing trends was found for winter maximum discharges compared to increasing trends in annual maximum discharges. Caspary and Bárdossy (1995) found an increase in the pattern WZ for winter, leading to a dramatic increase in the flood hazard for South-Western Germany. Mudelsee et al. (2004) studied flood trends in the Elbe and Odra catchments and found downward trends in winter and no significant changes during summer.
Since these studies are limited to selected regions in Germany, a countrywide picture of trends in floods and atmospheric patterns cannot be drawn. Our study closes this gap by presenting results of flood trends and trends in circulation patterns for 122 meso-scale catchments across Germany for the period 1951-2002.
The trend behaviour of eight flood indicators at 145 gauges (500-159 300 km 2 ) in Germany was already analyzed for the same period by Petrow and Merz (2009) . Their findings form the basis for the here presented study. Petrow and Merz (2009) detected trends in peak discharge, which were spatially and seasonally clustered. A missing relation between discharge changes and basin area suggests that the observed changes in flood behaviour are climate-driven.
In contrast to the study by Petrow and Merz (2009) , we here present results of time-varying multiple trend tests both for flood and CP indicators. McCabe and Wolock (2002) also used this approach and found patterns of significant changes in different discharge variables in the United States for the period 1941-1999. For the evaluation of a possible link between flood and atmospheric patterns, correlations between peak discharges and CPs were computed similar to other studies (e.g. Feidas et al., 2007; Bouwer et al., 2008) .
The gauges were pooled into regions (cf. Douglas et al., 2000; Merz and Blöschl, 2009 ). The pooling into three regions reflects different flood regimes across Germany. A catchment-independent pooling was favoured over a catchment-based approach to account for the characteristic seasonality of peak discharges in each region. Moreover, the flood trend results observed by Petrow and Merz (2009) showed that regions of similar flood trends do not necessarily coincide with catchment borders. Thus, the catchmentindependent approach enables us to draw a more precise picture of the observed changes. For all regions conclusions are finally presented to what extent parallels between trends in flood magnitudes and trends in circulation patterns can be found.
Data

Discharge data
Discharge data of meso-scale catchments were used for this study. We included catchments of at least 500 km 2 in order to minimize the influence of land management measures on the flood behaviour (Bronstert et al., 2002) . The largest analyzed catchment is the river Mosel at the gauge Cochem (27 088 km 2 ). A common time period between 1 November 1951 and 30 October 2002 was used (hydrological year in Germany: 1 November to 31 October). Svensson et al. (2006) suggest a minimum length of 50 years for the analysis of flood trends. Shorter time series may not capture a possible trend, whereas very long series of up to 100 years may have other shortcomings as for instance changes of the measuring procedure over time. The chosen time period was seen as compromise between a minimum length and the requirements for reliability and availability of data.
Each of the 122 gauges was assigned to one of three regions ( Fig. 1) , which are characterized by homogeneous seasonal flood histograms and flood trends. The regions were extracted through a GIS-based multi-criteria analysis. Histograms of the seasonal flooding frequencies as presented by Beurton and Thieken (2009) as well as trend results of eight flood indicators by Petrow and Merz (2009) were compared in a spatially-explicit manner in order to identify homogeneous regions. A change in the assignment of gauges to one or the other region is visible along the main rivers of Danube and Weser. This is caused by differences in seasonal histograms of the flood indicators. For instance, the assignment of the gauges along the Danube to Region South can be explained by the dominance of summer maximum discharges which is characteristic for the southern tributaries rather than for the northern ones. Figure 1 gives an overview of the location of the gauges and regions.
Region West (yellow dots) comprises 49 discharge gauges which are located in the Rhine, Weser, Ems and Danube catchments. This region has a winter dominated flood regime. Frequently, westerly winds cause flooding especially during winter. Trends in winter maximum discharges increase both in magnitude and frequency (Petrow and Merz, 2009) . Summer floods play a minor role.
Region East (blue dots) consists of 41 gauges in the Weser, Ems and Elbe catchments. Maximum discharges occur predominantly during winter in this region, however, summer peak discharges have a larger share than in Region West and can reach remarkable extents as experienced in (DKKV, 2004 Beurton and Thieken, 2009 ). Winter floods increase in Region East, whereas summer floods decrease. This is the only region in Germany, in which summer floods significantly decrease (Petrow and Merz, 2009 ).
Region South is represented by 32 gauges which are located in the Rhine and Danube catchments. Two gauges are located in the Rhine catchment, all other gauges are located either along the main river of the Danube or along its southern tributaries. The two gauges in the Rhine catchment have larger shares of winter discharges compared to the other gauges in the Danube catchment. The Danube region is dominated by summer flood events. However, winter peak discharges significantly increase in magnitude at many gauges in the region (Petrow and Merz, 2009) .
In this study, three flood indicators were analyzed for each gauge. These comprise annual maximum streamflow series (AMAXF) as well as seasonal maximum series (AWMAXF and ASMAXF). Annual maximum daily mean streamflow, i.e. the largest daily mean streamflow that occurs in each hydrological year, is the most common indicator in flood trend studies. The analysis of seasonal maximum series enables a more differentiated picture of flood trends. Annual winter maximum discharge series (AWMAXF) were derived from data between 1 November and 31 March of the following year and consist of the largest daily mean discharge of each winter season. Summer maximum discharge series (ASMAXF) were derived for the period of 1 April to 31 October.
Circulation patterns
For the analysis of trends in circulation patterns different classification systems are available, which are either manual (based on subjective knowledge) or automated numerical schemes. The widely used manual classification scheme by Hess and Brezowsky (1952) is currently the only one available, which captures the large-scale European pattern, while still focusing on local details (James, 2007) . Buishand and Brandsma (1997) compared three classification schemes of CPs and found that the subjective Großwetterlagen classification by Hess and Brezowsky (1952) yields equally good results as the two other objective schemes. Therefore, the scheme by Hess and Brezowsky (1952) was used in this study. Moreover, the use of this classification facilitates the comparison of our results to other studied conducted for German catchments.
Daily data of the "Catalogue of Großwetterlagen in Europe 1881-2004" after Hess and Brezowsky (1952) was available for this study (Gerstengarbe and Werner, 2005) . The catalogue provides a subjective classification for every day about the dominant circulation pattern (CP) over Europe which is derived based on the spatial distribution of pressure systems over Europe as well as the location of frontal zones. The catalogue distinguishes 30 different CPs (one is classified to be a "transition class"). The CPs comprise the zonal circulation form, the mixed circulation form as well as the meridional circulation form (Table 1) .
The most important CPs with respect to the flood hazard in Germany are WZ, WS, NWZ, and TRM. The first three patterns are frequent and comprise 25% of the overall distribution for Germany. These are westerly winds of varying direction (from north to south). The pattern TRM is better known to be the "Vb-weather pattern" and is represented by a trough over Central Europe (van Bebber, 1891) . Low pressure systems move from the Gulf of Genoa northwards to Poland. Large precipitation amounts can be accumulated and may be enhanced along the northern slopes of the Alps and the mountain ranges in Central and Eastern Europe. Several destructive floods were triggered by TRM, as experienced for instance in the Elbe and Danube catchments in (Ulbrich et al., 2003 .
The influence of a CP on the flood regime varies from region to region. Peak discharges in Region West are often caused by westerly, south-westerly and north-westerly circulation types (Beurton and Thieken, 2009 ). High pressure systems are rarely responsible for floods in Region West. Floods occur predominantly during mild and wet episodes in winter. Region East is also largely influenced by westerly winds, however, the north-westerly pattern plays a more important role than in Region West. A larger share of high pressure systems and the occurrence of Vb-weather regimes distinguish the region from Region West. Region South is dominated by high pressure systems, especially during fall and winter. Westerly, north-westerly and south-westerly circulation types are less frequent compared with the other regions. Peak discharges occur predominantly during summer.
Daily data of the CPs were analyzed for trends in four variables:
1. the number of days of each CP per year, 2. the number of events of each CP per year (independently of its length), and 3. the mean duration of each CP per year, and 4. the maximum duration of each CP per year.
These variables were analyzed on an annual basis and for winter and summer seasons. The number of days per year gives an indication of the frequency. The number of events was counted, independently of the CP length, in order to gain information about the variability of CP. The persistence of CP is particularly important for the flood hazard. There are numerous examples of long-lasting CPs that are accompanied by a sequence of weaker precipitation events, which finally cause large floods.
To each value of the discharge AMAXF series of each gauge, the flood triggering CP was assigned, in order to evaluate the link between changes in CP over time and flood trends. Depending on the catchment size, a time lag of one to three days was applied (Duckstein, 1993; Frei et al., 2000; Bárdossy and Filiz, 2005) . For small catchments with 500-5000 km 2 , a time lag of one day was assumed, catchments with 5001 km 2 -20 000 km 2 had a time lag of two days and larger catchments of three days. For example, a catchment of 600 km 2 had an AMAXF entry on 19 March 1951. Then, it was assumed that the flood triggering CP occurred on 18 March 1951. Although there is some uncertainty when assigning a "mean" concentration time to all catchments of a certain size range, the time lag is regarded to be sufficiently precise, especially when considering that the median persistence of CPs is from three to five days. Except for the transition class "U" (CP 30), all CPs persist for at least three days and often up to 10 days.
Trend detection
The robust non-parametric Mann-Kendall (MK) test and a resampling approach were used for detecting trends both in peak discharge and circulation patterns (Kendall, 1975) . The MK test is particularly useful for the analysis of extremes and requires no specific distribution. It has been used by a variety of studies on hydro-meteorological trends (e.g., Chen et al., 2007; Feidas et al., 2007) . We applied the 2-sided option with 10% significance level. The MK test requires the data to be serially independent. von Storch and Navarra (1995) found that, if the data are positively serially correlated, the test tends to overestimate the significance of a trend. To correct the data for serial correlation, the procedure of trend free pre-whitening (TFPW) was applied, which is described in detail in Yue et al. (2002 Yue et al. ( , 2003 and Petrow and Merz (2009) . In short, a trend of a time series is estimated by the non-parametric trend slope estimator (Sen, 1968) . A possible trend is then removed from the original series. Thereafter, the lag1-autocorrelation is calculated. If no significant autocorrelation is found, the MK test is directly applied to the original time series. Otherwise, the lag1-autocorrelation is removed from the time series. The data series is now regarded to be free of trend and serial correlation. Finally, the firstly removed trend is included back into the time series resulting in a series that includes the original trend without autocorrelation.
Discharge data were analyzed for each gauge separately and aggregated for each region as a regional composite. These composite series were derived as follows: series of AMAXF (analogue ASMAXF, AWMAXF) from every gauge were drawn. For all time series the TFPWmethodology was applied. After that, all series were normalized (by subtracting the mean and dividing the result by the standard deviation of the time series). Then, the regional composite was calculated by averaging all normalized discharge time series of a given region. The TFPW procedure causes in some instances small deviations, which lead to larger magnitudes of seasonal MAXF compared to AMAXF (cf. Fig. 2 ). Maximum discharge and CP time series were analyzed for trends not only for the entire period , but also with the help of moving windows of varying time lengths (multiple trend tests). Through this methodology it is possible to detect changes in trends over time and to distinguish recent trends from trends that are stable over longer time periods (McCabe and Wolock, 2002) . All possible periods of 20 to 52 years within the investigated time series were analyzed for trends. The trend matrix shows for each variable and changing time periods the resulting significance level. These levels were derived by means of a resampling approach.
1. The time series is resampled randomly without replacement. A new time series is obtained with the same values but different year order.
2. A linear trend line is fitted to the new time series and its slope is calculated.
3. By repeating steps 1 and 2 1000 times, a sample of slope values of size 1000 is obtained.
4. The significance level of the observed time series is determined by comparing its slope with the empirical cumulative distribution of the slope values of the resampled time series.
In regional trend detection studies it is interesting to assess the field significance, i.e. the significance of trends across the region (Douglas et al., 2000; Burn and Hag Elnur, 2002; Svensson et al., 2006) . Douglas et al. (2000) determined the field significance by calculating a regional critical value for the Mann-Kendall Test, which is derived through a bootstrapping approach. The number of stations to show a trend by chance for the specific region is determined. Thereafter, the number of observed trends is compared with the number of expected trends for the region. Douglas et al. (2000) found that the existence of spatial correlation between sites may inflate the results of change detection, if the spatial correlation is not accounted for and proposed a bootstrapping test for assessing the field significance of trends while preserving the cross-correlation among sites. However, this approach might are therefore not easily distinguishable. only be suitable for the case that the majority of trends in a region are uniform, i.e. either upward or downward (Yue et al., 2003) . Therefore, we applied a slightly refined approach, proposed by Yue et al. (2003) , which assesses the field significance of upward and downward trends separately. A detailed description of the methodology can be found in Yue et al. (2003) or Petrow and Merz (2009) .
Results
Trends in flood data
Composite discharge time series of the three maximum series are shown for all regions in Fig. 2 . Upward trends (MK Test, 10% SL) were found for all three composite series for Regions West and South and for winter and annual maximum series for Region East. A downward trend was detected for the composite summer maximum series (ASMAXF) of Region East. Many trend lines in Fig. 2 have almost the same slope and are therefore not easily distinguishable. Discharge data of each gauge were tested with the MK Test for upward and downward trend (SL 10%). Table 2 shows the results for the flood indicators and regions. Large differences are evident in the number of trends per variable and region.
Many upward trends were found in the Regions West and South. The three gauges with upward AMAXF trends in Region East are clustered in the southern part of the region and are located in the vicinity of gauges with trends of Region West (Petrow and Merz, 2009) . Upward trends in AW-MAXF are spatially clustered in Central Germany affecting the northern part of Region West and the southern part of Region East. A different pattern evolves for the summer series: downward trends are, except for one gauge in Region South, exclusively found in Region East, whereas upward trends are concentrated in Region South. In the following, trend results of different time lengths of the composite series are presented, which offer the possibility to study the temporal variability of flood trends. 
Region West
Many upward trends are evident for Region West for AMAXF and AWMAXF. Both matrices have similar patterns (Fig. 3) . Time series of different lengths ending latest in 1982 show a slightly downward tendency. Also, series of the last 20 to 25 years show small downward tendencies. All other time series which cover different time periods ending in 1982 or later show increases (mostly significant). Time series with at least 30 years show almost always upward trends. Interestingly, a relatively fast change of increases and decreases can be seen. The analysis of the diagonal with time periods of 20 years shows at first a period of decreasing annual and winter maximum discharges which ends in the beginning year 1962. This is followed by a period until 1977 where upward trends are detectable. From the beginning year 1978 onward, the time series show again no or only minor downward changes in the discharge data. This general pattern is more or less clearly seen for all regions for AMAXF and AWMAXF.
Multiple trend test were also performed for each gauge and flood variable. A relatively heterogeneous spatial pattern resulted (not shown). As it can be expected, the summation per variable of the individual matrices of all gauges revealed a good correlation with the regional composite for each variable.
Although the regional composite of the winter maximum discharge shows a very similar pattern compared to the annual maximum discharge, the downward tendencies of the last 20 to 25 years are more pronounced during winter. In contrast to AMAXF, a spatial pattern of the temporal trend behaviour is visible for AWMAXF. The gauges in the northern part of Region West show all similar patterns and dominate the composite. All other gauges have changing patterns over time. These results are not shown here due to the limited readability when plotting a large number of matrices onto a regional map.
Summer maximum discharges play a minor role in Region West. The trend pattern of ASMAXF (Fig. 3) differs greatly for the last two decades. Decreases of different magnitudes are detectable for all time series since 1990. During the first years of the analyzed time span, the downward changes are similar to those in AMAXF and AWMAXF. Over the entire period, there are however nearly no significant trends detectable.
Region East
Although the seasonal distribution of flood events is similar to Region West with a majority of large discharges occurring during winter, the trend pattern for Region East shows many differences compared to Region West (Fig. 3, second  row) . A very heterogeneous pattern is visible for AMAXF with almost no trends. Periods of increasing and decreasing discharges alternate. Although the pattern of AWMAXF is dominated by increasing discharges, these are usually not significant at the 10% SL. The overall picture has some similarity to AWMAXF of Region West with clustered periods of upward and downward cycles.
In contrast, the summer series show many downward trends (significant at the 10% SL), especially for time series ending in 1989 or later. There is a relatively sharp change from no trend towards a downward trend. Nearly all time series, which cover (parts of) the last two decades, show downward trends. The overall pattern is more pronounced compared to Region West. 
Region South
Upward trends were detected for the three flood indicators in Region South (Fig. 3, third row) . The AMAXF results show upward trends for a relatively short time frame beginning around 1960. Additionally, there are a few downward trends in short time series in the early 1950s, which can be found in all three flood indicators. Although the winter maximum discharge shows many upward trends, this pattern is not visible in AMAXF. The reason lies in the large percentage of summer events in AMAXF. Thus, the absence of significant trends in ASMAXF causes the small number of trends in AMAXF. Downward and upward cycles are more pronounced in AWMAXF, whereas the changes in AMAXF and ASMAXF are less abrupt. Changes of the summer series reveal a more variable picture. Here, upward and downward periods dominate the pattern. Most of them are not significant.
Identification of flood triggering circulation patterns
In order to identify flood triggering CPs for the three regions, the frequency of CPs that are associated with annual maximum discharges (AMAXF) was derived. Different CPs are relevant for triggering peak discharges in each region. Histograms of the flood triggering CPs were calculated for each gauge. Thereafter, mean frequencies for every region were calculated (Fig. 4) . The differentiation into winter and summer reflects the discharge behaviour of the respective regions.
Regions West and East both show a winter dominated flood regime that is mainly influenced by only few CPs. 62% of the maximum discharges in Region West are triggered by the circulation patterns: WZ, WS, SWZ and NWZ. In Region West the dominance of WZ is more pronounced than in Region East, where the other remaining CPs play a more important role in triggering large discharges. The circulation patterns TM, TRM and TRW are important during the summer in the Regions East and South, when they are associated with large precipitation amounts that may cause floods. Note, that the importance of the CPs TM, TRM, TRW is not directly visible in Fig. 4 , as they occur seldom.
Region South is characterized by a different seasonal flood behaviour. Summer maximum discharges dominate the AMAXF series. Winter peak discharges are triggered by the same CPs as in Region West, namely by WZ, WS and NWZ. Although summer floods have also large shares of WZ and NWZ, the circulation patterns BM, HB, TRM, NEZ and TRW play an important role for the summer flood hazard.
Trends in daily CP data
Daily data of CPs were analyzed for trend with the MannKendall Test (10% significance level). Four variables that capture the behaviour of the CPs over time were selected. These are the number of days with a certain CP per year, the number of CP events (independent of its length) and the mean and maximum durations per year. These variables were derived for the complete hydrological year and for the winter season and summer season, respectively (Table 3) . Since the trend results of the mean and maximum duration are very similar, Table 3 only shows the findings of the number of days, number of events and the mean duration per year. Six CPs show no trend at all for all variables and the different datasets. Four CPs revealed slight changes in only one variable, which were however not significant.
Number of days
The majority of CPs shows changes in the number of days (MK-Test, 10% SL). However, for only eight CPs the trend is also significant for the annual dataset (column "All"). Upward trends were found for the annual dataset for the three CPs WZ, BM and TRW. It is important to note that all three CPs hold a considerable potential for floods. WZ is important throughout Germany, whereas the patterns BM and TRW only play an important role for Region South. Downward trends were detected for the patterns WW, NEA, NEZ, HNFZ, and U. Among these, only NEZ is important for the flood hazard (again only in Region South). All other changes were not significant. Figure 5 shows two histograms of the number of days per CP for the annual dataset (top), winter (middle) and summer (bottom), respectively. On the left side the histograms for the decade 1951-1960 are found and on the right side for the decade 1991-2000. In all three datasets, a statistically significant shift is visible towards a smaller number of CPs, which dominates the weather (Chi 2 -Test; 10% SL). Thus, CPs, as for instance WZ, which had already a large share of days per year even increased in the frequency, whereas less frequent CPs in general decreased. There are some exceptions that are also important for the flood hazard. For instance, the pattern TRM increased in frequency, although it rarely occurs. This is especially important for the summer flood hazard, although the changes are also detectable for the winter and the annual datasets.
For the winter and summer seasons, less trends were detected. Figure 6 shows results of the seasonally differentiated trends for selected CPs. These six CPs are important for at least one of the three regions. WS, a pattern that also frequently triggers floods, is not shown in the diagram because for both seasons and all three variables non-significant decreases were found. The patterns WZ, BM and TRW show for all datasets upward changes which are however not always significant. Interesting results were found for the pattern NWZ which is important throughout Germany. When testing the entire dataset for trend, no trend was detected for NWZ. A look at the seasonal time series showed, however, that during the winter a non-significant increase of 68% was found, whereas the summer time series revealed a significant downward trend of −74%. Figure 4 shows that the NWZ pattern is especially important for triggering winter peak discharges throughout Germany and also summer peak discharges in Region South. The SWZ pattern has the opposite development: a downward trend during the winter and anonsignificant increase during the summer months.
Number of CP events
The analysis of the number of events with a particular CP (independent of its length) reveals less change than for the number of days (Table 3) . Only eight CPs show changes, seven of these are trends (significant at the 10% SL). During the winter there are no changes at all, and for the summer season there are only four trends, which are significant at the 
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Mean and maximum persistence
Conditions in the catchment prior to a flood play an important role for the flood hazard. Consecutive precipitation events due to increasing persistence of specific CPs contribute to soil saturation, leading to higher runoff, possibly even for weak precipitation events. Our analysis reveals many upward trends in CP persistence. In the entire dataset, 12 out of 30 CPs show significant changes in the mean persistence: upward trends were detected for 11 CPs, and only one downward trend was found for NEZ (cf. Table 3 ). Eight of the 11 CPs also revealed upward trends in the maximum persistence. The only downward trend in the maximum duration was also found for NEZ. Figure 7 shows trends in the mean duration of selected CPs for summer and winter separately. The patterns WZ, NWZ and BM all have trends in the mean duration. WZ and BM show for all three datasets upward trends. The patterns NWZ and SWZ show again opposite trends for winter and summer. However, the trend directions are similar to those found for the frequency of days: for SWZ significant upward summer trends and for NWZ significant upward winter trends. The pattern TRM also shows increases which are however only significant for the annual dataset and the winter season.
Trend development of selected circulation patterns
Winter
All three flood regions are dominated during the winter season by the circulation patterns WZ, WS and NWZ (cf. Fig. 6 ). Figure 8 shows the significance level of trends for the number of days per winter and the mean duration matrices. Upward trends are reflected by the levels of 95 to 100, and downward trends by 5 to 0, respectively. Upward trends were detected in the number of days per winter as well as in the mean duration for WZ. NWZ also shows upward trends in frequency, especially when including the most recent years. Large changes are also visible in the mean duration of NWZ during winter, where a significant upward trend is detectable, when including the last years in the time series, no matter how long the series progresses into the past. WS does not change very much over time. The number of events of WZ and NWZ does not show a change during winter, for WS a slight decline is visible (not shown in Fig. 8 ). These results show therefore an increased flood hazard during the winter for all regions of Germany. This is especially important for the Regions West and East, where WZ and NWZ trigger large shares of winter peak discharges.
Summer
The trend picture for the summer season is more differentiated for all regions (Fig. 9) . Although the percentages of WZ-triggered summer peak discharges are much lower than for winter, WZ plays an important role for the flood hazard (cf. Fig. 4) . In Region South an increased flood hazard is visible, especially for the gauges in the Rhine catchment. Significant increases (results between 95 and 100) in the duration of WZ are evident when including the last 10 years into the dataset. No changes in number of days and number of events were detected. In contrast to the winter season, NWZ is significantly decreasing (results between 5 and 0) during summer in all three CP variables (Table 3) . Downward changes are however only significant, when including at least 35 years into the trend test (Fig. 9) . This decrease in the flood hazard caused by the NWZ pattern is again only relevant for Region South, since in the other two regions there are rarely NWZ-triggered summer flood events. The Vb-pattern TRM is increasing in all three variables. When including the last decade in the trend test, the number of days and the mean duration show upward trends.
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South an increased flood hazard is visible, especially for the gauges in the Rhine 545 (Table 3) . Downward changes are however only significant, when including at 550 least 35 years into the trend test (Fig. 9) Although there is only poor visual agreement between multiple trend test matrices of the 562 different flood variables and individual CPs (cf. Fig. 3, Fig. 8 , and Fig. 9 ), it is 563 interesting to investigate the correlation of the time series between seasonal MAXF and 564 combinations of CPs. The mean frequencies in Fig. 4 highlight the fact that a number of 565 
Correlation between seasonal MAXF and combinations of CP
Although there is only poor visual agreement between multiple trend test matrices of the different flood variables and individual CPs (cf. Figs. 3, 8, and 9) , it is interesting to investigate the correlation of the time series between seasonal MAXF and combinations of CPs. The mean frequencies in Fig. 4 highlight the fact that a number of different CPs influences the peak discharge behaviour in all regions. We conducted therefore correlation analyses of seasonal composite MAXF and combinations of the most important and/or frequent CPs (number of days) based on the histograms in Fig. 4 . Regions West and East. For summer, the link is not that obvious, however, also 606 detectable for selected CPs and the Regions East and South. In the following, the 607 findings of the study are discussed separately for each region. 608
Region West 610
Region West is dominated by winter peak discharges which are significantly increasing 611 in magnitude. Several other studies found similar results for at least parts of the region 612 (Caspary, 1995; Caspary and Bárdossy, 1995; Belz et al., 2007; Petrow and Merz, 613 2009 ). The study of Hennegriff et al. (2006) is in good agreement with our findings 614 regarding the temporal dynamics of significant flood trends (cf. Fig. 3 ). They also 615 All three regions show significant correlations (at the 10% SL) for the combinations of composite winter maximum series and the sum of days with WZ-NWZ and WZ-WS-NWZ, respectively. Figure 10 exemplarily shows for Regions West (first row) and East (second row) results of four combinations of CP and seasonal discharge. These combinations were chosen based on (1) the dominance of winter peak discharges in Regions West and East, and (2) the large number of significant correlations for summer in Region East (see below). An overall good agreement of the fluctuations of seasonal MAXF and the different combinations of CPs (number of days) can be seen. The results show better agreements for both regions for the winter season (first row both diagrams and lower left diagram) than for summer. Although the coefficients of correlation are quite low (0.43-0.51) they are statistically significant. These low correlation coefficients are caused by (1) the small potential of a frequent CP to cause a flood event, and (2) the relatively poor agreement of the series during the first two decades.
For Region South, which is predominantly affected by summer floods, only non-significant correlations were found during summer, which are therefore not shown. The AS-MAXF series of that region comprises many CPs, which can only be poorly represented by a small number of CPs as in Fig. 10 . The combination with summer maxima (lower right diagram) in Region East exemplifies the complex relation during summer. Region East shows many significant correlations of the composite summer maximum series and different combinations of number of CP-days. These are WZ-TRM, TM-TRM, WZ-NWZ-TRM, and WZ-NWZ-TRM-TRW. Even the correlation between the composite AS-MAXF of Region East with the number of days of TRM is statistically significant. This is an important finding since TRM only comprises about 4% of the entire CP, but regularly triggers peak discharges during summer in Regions East and South. Figure 10 (lower right subplot) presents therefore also a combination for summer in Region East, the one with the highest correlation. The overall agreement of fluctuations is, however, worse compared to the three subplots for winter combinations. The combination of CP days exhibits much more variability than the composite summer discharge series.
Discussion
A number of interesting trend results was found for each of the three flood regions (West, South and East Region). A link between trends in winter maximum discharges and the frequency and persistence of the CPs WZ and NWZ could be found for the Regions West and East. For summer, the link is not that obvious, however, also detectable for selected CPs and the Regions East and South. In the following, the findings of the study are discussed separately for each region.
Region West
Region West is dominated by winter peak discharges which are significantly increasing in magnitude. Several other studies found similar results for at least parts of the region (Caspary, 1995; Caspary and Bárdossy, 1995; Belz et al., 2007; Petrow and Merz, 2009 ). The study of Hennegriff et al. (2006) is in good agreement with our findings regarding the temporal dynamics of significant flood trends (cf. Fig. 3 ). They also detected at many gauges significant upward trends in AMAXF and AWMAXF for time series beginning in the 1970s.
The main part of peak discharges in Region West is triggered by westerly winds of varying direction: WZ, WS, SWZ and NWZ. Although no major trends were detected for WS, the other CPs revealed significant changes, which affect the flood hazard in that region. With only slight changes in the number of events, the increasing number of days and persistence of WZ and NWZ cause the flood hazard to rise. Belz et al. (2007) also detected increasing trends of discharge and WZ for the winter season in the Rhine catchment. Gerstengarbe and Werner (2005) found for the winter season increasing trends of westerly atmospheric circulation types, too. Additionally, a longer duration period of the persistence of the circulation patterns was observed. This yields a larger flood hazard through circulation patterns which are generally not very prone to causing flood events but may be increasingly hazardous due to a longer duration. Long-lasting westerly atmospheric circulation types cause eventually large-scale soil saturation, leading to higher runoff coefficients. For the middle and lower stretches of the Rhine, increased flooding probabilities for the winter season have been suggested by Pfister et al. (2004) . During the second half of the 20th century increased winter rainfall totals and intensities have been observed.
Region East
Region East is characterized by a similar winter discharge and CP regime as in Region West. The dominating patterns WZ and NWZ increase in frequency and persistence and will therefore intensify the flood hazard during the winter season. Mudelsee et al. (2006) also found an increase in the winter flood hazard during the last decades for parts of the region. Gerstengarbe and Werner (2005) found decreasing percentages of easterly circulation patterns during the winter, which cause cold and dry winters especially in Region East. At the same time, the number of days with precipitation tripled during winter in combination with increases in the frequency and duration of the patterns WZ and NWZ (Werner et al., 2008) . These findings fit to our results of upward trends in the winter maximum discharges in Region East which are caused by more rain induced flood events due to milder winters and an intensified zonal circulation (Gerstengarbe and Werner, 2005) .
Summer floods play a more important role than in Region West, especially floods triggered by TM and TRM (Petrow et al., 2007) . We found decreasing trends in summer maximum discharges in Region East (cf. Table 2 ). A decrease in the flood hazard would be expected to be also visible in a decrease in flood-prone CPs during summer. The most frequent pattern WZ shows an upward trend in the duration. However, this pattern usually does not cause large floods in the region. In contrast the pattern TRM is better known to trigger large floods in the area. Although increases in the number of days and in the persistence of TRM were detected, these are not significant. Thus, a decreasing flood hazard based on the trends found in the discharge data of Region East is possible, despite these non-significant increases in the duration of flood-prone CPs.
Region South
Region South is dominated by summer maximum discharges. Also for this region, an increasing flood hazard can be found due to increasing trends in the patterns WZ, SWZ, TRM and TRW which play an important role for AMAXF discharges in the region. Our results show an upward trend in the persistence of SWZ during summer. This pattern is prone to triggering heavy convective rainfall during summer, which regularly causes local flood events. Also, Gerstengarbe and Werner (2005) found for summer large upward trends in the frequency of SWZ (tripled frequency with a step change in the 1940s).
Conclusions
Analyses of trends in flood hazard and in flood-triggering CPs show a regionally and seasonally differentiated picture for Germany. We investigated flood time series of 122 mesoscale catchments in Germany and their triggering circulation patterns. Our analysis detected discharge trends (at the 10% SL) for a large number of catchments, as well as in the frequency and persistence of flood-favouring circulation patterns. Of particular interest is a significant increase in (1) the flood relevant CPs, as well as in (2) the very frequent CPs. Significant correlation (at the 10% SL) between the frequency of CPs and seasonal flood time series was detected.
We found a trend (significant at 10% SL) towards a reduced diversity of CPs, causing fewer patterns with longer persistence to dominate the weather over Europe (cf. Fig. 7 ). This indicates changes in the dynamics of atmospheric circulations which are of direct relevance to the flood hazard. Longer persistence of CPs may lead to consecutive precipitation events. Although the single events may have rather low precipitation amounts, the succession of several events may lead to saturated catchment conditions. This is particularly important for winter peak discharge, which are in many cases triggered by WZ or NWZ patterns. Both are weather patterns that do not favour extreme precipitation. However, very wet preconditions may cause large runoff coefficients paving the way for flooding. Rapp and Schönwiese (1996) found upward trends in winter precipitation in the period 1891-1990 for large parts of South-Western and Western Germany. These results are in agreement with our findings and other studies for the Rhine catchment, which show significant increases in precipitation extremes and in the flood hazard during winter (e.g. Caspary and Bárdossy, 1995; Hundecha and Bárdossy, 2005; Belz et al., 2007; Petrow and Merz, 2009) .
The investigated time span of 52 years in our study is relatively short compared to low-frequency climate variability. There are well organized modes of climate variability at different time scales and this variability may have a significant impact on the occurrence and magnitude of floods by changed atmospheric moisture transport (Hirschboeck, 1988) . For example, Llasat et al. (2005) compiled a catalogue of floods for three basins in North-East Spain since the 14th century and found episodes of 20 to 40 years with markedly increased occurrence of catastrophic floods. Sturm et al. (2001) compiled a catalogue with floods in Central Europe from 1500 until today. Basins in Central Europe show clustering of floods. Given low-frequency climate variations, a much longer time period would have been favourable. However, a compromise between data availability and spatial coverage had to be found, when conducting a countrywide study. Although long series would capture a broader picture of the variability, a good spatial coverage with shorter time series was favoured over a long period of more than 100 years at only few stations. Further, long flood time series covering 100 or more years, are often associated with considerable uncertainty. For example, Glaser and Stangl (2004) stress that the direct comparison is problematic between reconstructed historical floods and measured data due to the different derivation of the datasets. Finally, the considered time period is particularly interesting, since global warming is supposed to be of minor effect before the second half of the 20th century.
The presented results have implications for the flood risk management, especially for flood design measures. Petrow et al. (2008) compared a stationary and an instationary flood frequency analysis approach. They showed for the period of 1951-2002 that the stationary estimation (which assumes no trend in the data) may underestimate discharges of extreme events. Owing to the many detected flood trends in our study, a revised estimation of extreme events, which incorporates the instationarity inherent in the data, seems appropriate for the affected catchments.
